Abstract This work explores the possibility of plasma acid as acid catalyst in organic reactions.
Introduction
In organic chemistry, numerous reactions are catalyzed by mineral acids, specifically by sulfuric acid. Great environmental concerns caused by these chemicals inspire intense investigations of cleaner, safer and more environment friendly chemistry. Water in nearand super-critical conditions is an excellent acid catalyst because the dissociation constant increases more than 3 orders of magnitude when going from ambient to near-critical conditions [1] . As a consequence of high hydronium and hydroxide ion concentrations, a wide variety of acid-catalyzed reactions can readily occur in pure water, with no mineral acid or base added [2−4] . However, the severe operation condition, namely high temperature and high pressure, causing safety problems and thermal decomposition of the reactant, limits its application in synthesis chemistry [2, 3, 5] .
Cold plasma has been intensively studied in chemical reactions, catalyst preparation, and modification of materials, and led to many exciting results [6−16] . Recently, it was reported that water treated by dielectric barrier discharge plasma shows strong acidity [17, 18] . It will be very meaningful if the plasma acidic water (PAW) can be utilized as a substitute for environmentally unsafe acid catalysts in chemical reactions. To explore the possibility of the newly reported plasma acid in chemical reactions, herein we choose a typical acidcatalyzed reaction, esterification, as a model reaction to estimate the catalytic performance of PAW. Although acetic acid is more common in this type of reaction, heptanioc acid is selected as reactant to avoid possible autocatalysis.
Experiments
The plasma acidic water was prepared by using dielectric barrier discharge plasma to treat water, similar to the reported procedure [17, 18] . In detail, a tubular reactor was constructed with a central high voltage electrode placed in a quartz tube (outer diameter of 8.2 mm), the ground electrode was an outer stainless steel tube (inner diameter of 11.8 mm). The radical width of the discharge region was 1.8 mm with a length of 150 mm. Distilled water filled the gap between the quartz tube and steel tube. The high voltage was supplied with a high voltage AC generator working at about 25 kHz. The treatment was conducted for 1 hour with power of 50 W at room temperature. Before the discharge treatment, the water was bubbled with oxygen to remove dissolved air. After the treatment, the water, namely plasma acidic water, was applied to ther esterification reaction.
A typical procedure for esterification is as follows: n-heptanioc acid (0.105 mol), ethanol, and plasma acidic water or sulfuric acid (for comparison) was successively added into a 100 mL round-bottomed flask equipped with reflux condenser. The reaction was allowed to proceed for 5 h with refluxing in an oil bath at 85 o C-130 o C. After reaction, the reactant and products were directly analyzed using Agilent 4890 GC with simplicity-wax column (30 m×0.32 mm×0.25 µm).
Results and discussion
The esterification results under various reaction conditions are summarized in Table 1 . It can be seen that, a considerably high yield is obtained. This indicates that the plasma acidic water successfully catalyzes the esterification of heptanioc acid with ethanol. In the blank reaction with only n-heptanioc acid and ethanol, no ester is formed. The ester yield catalyzed by PAW is higher than that catalyzed by equivalent sulfuric acid (Table 1 , entries 2 and 13-15), indicating that the catalytic performance of the PAW is better than that of mineral acid. It is reasonably believed that better performance of PAW will also occur in more active systems such as reaction of acetic acid with ethanol. Experimental results summarized in Table 1 illustrate the influences of some reactive conditions on the esterification reaction. An optimal volume of plasma acidic water (Table 1 , entries 1-4) exists for the highest yield. On the one hand, the increasing hydronium ions accelerate the reaction; on the other hand, accumulating water hinders the reaction. The turnover number (TON) and turnover frequency (TOF) always decrease as more PAW is involved. Although decreasing the pH value of PAW (Table 1 , entries 2 and 8-10) obtains higher ester yield, the dependence of TON and TOF is contrary. The number of turnover of entry 10 is much higher than that of entry 2, suggesting strong catalytic capability of the hydronium ion in the PAW. Higher alcohol/acid ratio ( Shainsky et al. reported that, direct exposure of water to a dielectric barrier discharge plasma creates an acid with pH≈2 [17] . There are two possibilities for this result. One is the formation of nitric/nitrous and the other is an acid which consists of a hydrogen cation and a superoxide anion. The latter is the major reason because the presence of nitric/nitrous acid cannot completely produce the low pH value, and the experiments with oxygen-plasma also lead to high acidity. In the present case, the water was bubbled with oxygen, and the presence of N 2 which is the source of nitric/nitrous acid is eliminated. So the acidity of PAW is attributed to the ionized hydronium ions (H 3 O + ) formed from highly ionized water by plasma. The mechanism of esterification is shown in scheme 1. The reaction catalyzed by PAW should be similar to that of a traditional catalytic reaction since the catalyst, i.e. the hydronium ion, is the same both in PAW and in traditional aqueous acid.
The better performance of PAW compared with sulfuric acid may be attributed to its solvent effect. We have separated neutral water from PAW by conventional distillation at atmospheric pressure.
1 HNMR measurement in Fig. 1 shows that the chemical shift of water distilled from the PAW is distinctly lower than that of conventional pure water. The lower resonance GU Ling: Esterification by the Plasma Acidic Water: Novel Application of Plasma Acid frequency demonstrates that the hydrogen bond network in the PAW is partly destroyed [19] . According to the equation assumed by Hoffmann et al. [19] . the hydrogen bond in the PAW is 91.5% of pure water. Two advantages of the less hydrogen-bonded water are: (i) the hydronium ions in the liquid are more active with high mobility due to a relatively weak hydration shell [20] ; (ii) the solubility of organic compounds, such as heptanioc acid, will increase [2−4] . Both of them will benefit the transfer of the hydronium ion to the molecule of heptanioc acid which is an initial step of the reaction, thus accelerating the reaction. To test this hypothesis, sulfuric acid dissolved in the distillage of PAW is used to catalyze the reaction. As depicted in Fig. 2 , the ester yield catalyzed by PAW and sulfuric acid is 51.4% and 47.8%, respectively. For the sulfuric acid dissolved in the distilled water of the PAW, the yield of 51.2% is in good agreement with that of PAW. 
Conclusions
The utilization of plasma acidic water as acid catalyst for esterification reaction to replace the environmentally unsafe sulfuric acid was reported for the first time. The better catalytic performance of PAW compared with sulfuric acid suggests a promising prospect of the PAW in organic chemistry. The utilization of clean plasma acidic water will be a great opportunity for green chemistry.
